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(57) Abstract: Dispersion managed fibers which preferably have a central core region, a moat region, and a ring region are provided. 
The central core region preferably has an alpha profile with an alpha value preferably less than about 2.3. The moat region preferably 
includes four sub-regions, namely, a first sub-region (1 1) in which the index of refraction decreases, a second sub-region (12) in which 
the index of refraction increases substantially linearly, a fourth sub-region (14) in which the index of refraction again increases 
substantially linearly, and a third sub-region (13) which serves as a transition region which smoothly connects the third and fourth 
substantially linear sub-regions. The dispersion managed fibers preferably have the following properties: (a) they exhibit reduced 
sensitivity to manufacturing variabilities, (b) they have relatively small changes in mode field diameter at the junctions between fiber 
sections having positive dispersions and fiber sections having negative dispersions, and/or (c) they can be readily manufactured using 
the tablet method. 
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DISPERSION MANAGED FIBERS HAVING REDUCED 
SENSITIVITY TO MANUFACTURING VARIABILITIES 

This application claims the benefit of and priority to U.S. Provisional Patent 
Application Number 60/208,256, filed May 3 1, 2000 

FIELD OF THE INVENTION 

This invention relates to dispersion managed fibers and, in particular, to 
dispersion managed fibers which exhibit reduced sensitivity to manufacturing 
variabilities, have relatively small changes in mode field diameter (MFD) at the ' 
junctions between fiber sections having positive dispersions and fiber sections having 
negative dispersions, and/or are readily manufactured using the "tablet" method. 

BACKGROUND OF THE INVENTION 
A. Dispersion Managed Fibers 

Dispersion managed fibers are optical fibers which have a low to zero net 
dispersion by purposely incorporating, along the axial length of the fiber, sections that 
have a positive dispersion and sections that have a negative dispersion. 

The discovery of dispersion managed fibers arose, at least in part, from the 
realization that transmission of light at high bit rates (> 40 Gbs) 
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requires not only handling linear impairment but also non-linear impairments. Initial 
work was done on understanding how dispersion management helped NRZ 
transmission. However, very soon it was realized that this concept applied equally well 
to other forms of data transmission (soliton, RZ, etc.). 
5 Dispersion management has been proposed at various length scales, in the 100's 

of meters range and in the 10' s of kilometers range, with names such as "dispersion 
managed fibers' 1 used to refer to management in the 100's of meters range and 
"dispersion managed cable" referring to management on the 10's of kilometers range. 
For ease of discussion, the terminology "dispersion managed fiber" is used herein for 

10 both ranges. 

In broadest outline, dispersion management achieves global near net zero 
dispersion while still having finite local dispersion. That is, by controlling the product 
of the length (Lj) and dispersion (DO of the individual fiber sections, the sum of those 
products for the entire fiber (2 l>Di) can be made small, thus giving the fiber the 

15 desired low to zero net dispersion. As used herein, the sum of the L^D\ products for a 
dispersion managed fiber is referred to as the fiber's "overall" dispersion. 

A key advantage of using fiber sections having substantial local dispersions 
(substantial Di values) is the avoidance of the adverse consequences of various non- 
linear effects, including four wave mixing. By avoiding these problems, higher power 

20 densities can be propagated in dispersion managed fibers than in conventional low 

dispersion fibers. This is an important advantage in terms of increasing the transmitted 
bit rate, the repeater spacing, and the total system length. It should be noted that these 
improvements in fiber performance are achieved irrespective of the transmission 
format, e.g., the improvements in performance are achieved for NRZ, RZ, and soliton 

25 transmission. 

In addition to making the sum of the Lj»Dt products small, for fibers which are 
to carry signals at a plurality of wavelengths, i.e., WDM fibers, it is also important to 
control the change in dispersion with wavelength (dD/dX) for the fiber (referred to 
hereinafter as the "dispersion slope" or "S"). More particularly, a dispersion managed 

30 fiber which is to be used in a WDM setting needs to have sections whose individual 
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slopes (Si) are controlled so that £ L\ • Si is close to or preferably equal to zero for the 
entire fiber. 

The combination of the requirement that Z Lj«Dj is approximately equal to zero 
and that £ Li • Sj is also approximately equal to zero, means that the ratio of Di to Si 
5 needs to be substantially the same for each section. 

In addition to the foregoing, for .very high bit rates, the variation in Dj within a 
section (i.e., Dj0 where / is length along the fiber axis within a section) also becomes 
important. Specifically, if the variation in D\(f) is large, the non-linear effects which 
dispersion management is designed to address can still have an adverse effect on 
1 0 individual bits. That is, the system's "Q" value can be considerably reduced even 
though the average properties are well controlled over the whole system length. 

A discussion of dispersion managed fibers, including the effects of local 
variations in dispersion, can be found in Anis et al., "Continuous Dispersion Managed 
Fiber For Very High Speed Soliton Systems," ECOC99 Proceedings, Vol. 1, pages 
1 5 230-232, 1 999, and the references referred to therein, all of which are incorporated 
herein by reference. 

B. The Problem of Process Variabilities in the Manufacture of 

Dispersion Managed Fibers 
Dispersion managed fibers can be manufactured in various ways known in the 
20 art. As with any manufacturing process, the processes used in making dispersion 
managed fibers result in at least some variations in the product due to process 
variabilities. As discussed above, the entire concept of dispersion management is based 
on tight control of both global and local dispersion, as well as dispersion slope. 
Accordingly, dealing with the problem of process variabilities is especially important in 
25 the area of dispersion managed fibers. 

As described in detail below, in accordance with the invention, certain fiber 
profiles have been discovered which satisfy the optical properties needed for a 
dispersion managed fiber and which are significantly less sensitive to process 
variations. Such profiles allow for the manufacture of dispersion managed fibers with 
30 improved overall properties compared to those previously known in the art. 
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C. Fracture Problems Associated with the "Tablet" Method of 

Manufacturing Dispersion Managed Fibers 
A particularly efficacious approach to making dispersion managed fibers 
involves the use of individual "tablets" having the desired dispersion properties which 
5 are assembled together to form an entire fiber. A description of this process can be 
found in commonly assigned, co-pending, U.S. Patent Application No. 08/844,997, 
filed April 23, 1997, and entitled "Method of Making Optical Fibers," the contents of 
which are incorporated herein by reference. This application was published as PCT 
Patent Publication No. WO97/41076 on November 6, 1997. 

10 The tablets used in this process tend to suffer from fracturing problems during 

manufacture. These tablets are formed from a core cane (i.e., a cane containing the core 
of the fiber and some cladding) by various cutting techniques, including 
scoring/snapping, laser cutting, water jet cutting, saw cutting, and the like. After 
cutting, the transverse surfaces of the tablet may be polished if desired. 

15 In accordance with a further aspect of the invention, it has been discovered that 

the fracturing observed during the cutting of tablets is due to residual stresses 
introduced into the core cane by prior processing steps. Surprisingly, it has been found 
that the same types of profiles which reduce sensitivities to processing variabilities, also 
solve the fracturing problem. 

20 It should be noted that the profiles of the invention which reduce sensitivities to 

processing variabilities can be used with manufacturing techniques which do not 
involve the cutting of tablets and thus do not have the fracturing problem. 

SUMMARY OF THE INVENTION 

25 In view of the foregoing, it is an object of the invention to provide fiber profiles 

for use in dispersion managed fibers which exhibit reduced sensitivities to 
manufacturing variabilities. More particularly, it is an object of the invention to 
provide dispersion managed fibers having a plurality of sections wherein the standard 
deviation of the dispersion values for the sections is reduced compared to prior 

30 dispersion managed fibers. It is also an object of the invention to provide sections 
whose dispersion values exhibit less variation along the length of a section. 
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It is another object of the invention to provide fiber profiles which lead to 
' relatively small changes in mode field diameter (MFD) at the junctions between the 
positive and negative dispersion sections of a dispersion managed fiber. The problems 
associated with mode field diameter mismatches at such junctions are discussed below. 
5 ,, It is an additional object of the invention to provide profiles for core canes 

which are less subject to fracture when cut into tablets than prior art profiles. 

To achieve these and other objects, the invention in accordance with a first 
aspect provides an optical waveguide fiber for use in a dispersion managed optical 
communication system comprising a core of transparent material surrounded by a 
1 0 cladding of transparent material having a refractive index n^, said core comprising three 
radially adjacent regions which in order of increasing radius are: 

(a) a central core region having: 

(i) a maximum index of refraction ric such that A c % is greater than 
zero and less than about 1 .2, where A c % = 100«(nc 2 -n c 2 )/2n c i; and 

1 5 (ii) an alpha profile with an alpha value less than about 2.3 ; 

(b) a moat region having a minimum index of refraction n™ such that A m % is 
less than or equal to -0.3, where A m % = 100*(nm 2 -nc 2 )/2n c |, said moat region 
comprising, in order of increasing radius, first, second, third, and fourth radially 
adjacent regions (also referred to herein as "sub-regions") wherein: 

20 (i) the index of refraction decreases throughout the first sub-region; 

(ii) the index of refraction increases substantially linearly in the 
second sub-region; 

(iii) the index of refraction increases substantially linearly in the 
fourth sub-region; and 

25 (iv) the third sub-region is a transition region which smoothly 

• connects the third and fourth substantially linear sub-regions; and 

(c) a ring region having a maximum refractive index rk such that A r % is 
greater than zero and less than +0.5, where A r % = 100<n 2 -nci 2 )/2n C |. 

As used herein, n c i is the minimum value of the index of refraction in the 
30 cladding of the fiber. 
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In accordance with a second aspect of the invention, A m % satisfies the following 
relationships: 

A m % < -0.55 for Rc/Rm < 0.6; 

A m % < -0.50 for Rc/Rm < 0.45; 
5 A m % < -0.45 for RJR m < 0.4; or 

A m % < -0.30 for Rc/Rm < 0.3; 
where Rc is the outer radius of the central core region and R™ is the outer radius of the 
moat region: 

In accordance with a third aspect, the invention provides dispersion managed 
10 optical waveguide fibers composed of at least one section having a positive dispersion 
and at least one section having a negative dispersion, wherein the fiber and/or the 
sections have some and preferably all of the following properties: 

(1) the overall dispersion of the fiber (i.e., the sum of the of the I>Dj 
products) is less than 1 ps/nm-km, 
1 5 (2) the magnitude of the dispersion slope for each section of the fiber is less 

than 0.04 ps/nm 2 -km, 

(3) the standard deviation of the dispersion values for fiber sections having 
negative dispersions is less than 0.5 ps/nm-km, 

(4) the difference between the maximum and minimum values of the 
20 magnitude of the dispersion over the length of those sections of fiber which have a 

negative dispersion is less than 0.5 ps/nm-km, 

(5) the standard deviation of the dispersion values for fiber sections having 
positive dispersions is less than 0.3 ps/nm-km, 

(6) the difference between the maximum and minimum values of the 
25 magnitude of the dispersion over the length of those sections of the fiber having a 

positive dispersion is less than 0.3 ps/nm-km, and/or 

(7) the average of the mode field diameters of the fiber sections having 
positive dispersions differs from the average of the mode field diameters of the sections 
having negative dispersions by less than 10 microns and preferably by less than 6 

30 microns. 
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The standard deviations referred to in properties (3) and (5) are determined by 
obtaining dispersion values for fiber sections of a population of fibers, e.g., at least ten 
fibers, and then computing the standard deviation from the following formula, where 
the Xj ! s are the dispersion values, x is the average of the dispersion values, and N is the 
total number of values: 



This formula is used irrespective of the distribution of the data points, e.g., the formula 
is used even if the data is not normally distributed. 

Dispersion values can be calculated from measured group delay in various ways 
known to the art. For example, interferometry techniques, details of which can be 
found in EIA/TIA-455-169A (FOTP-169) "Chromatic dispersion measurements of 
single mode optical fibers by phase shift method," or four wave mixing techniques as 
described in L. F. Mollenauer, P. V. Mamyshev and M. J. Neubelt, "Method for facile 
and 

accurate measurement of optical fiber dispersion maps," Optics Letters, Vol 21, No. 21, 
Nov. 15, 1996, can be used. Either technique can be used to calculate both positive and 
negative dispersions. The interferometry technique generally has better spatial 
resolution, while the four-wave mixing technique has better dispersion resolution. In 
particular, by averaging over many measurements, the interferometry technique can be 



used to calculate dispersion values over fiber lengths less 100 m. On the other hand, 
using the four-wave mixing technique one can obtain dispersion values having a 
resolution less than 0. 1 ps/nm-km for fiber lengths greater than 500 m. Hence, using a 
combination of these two techniques, one can reliably obtain dispersion values for fiber 



Measurement of group delay at various wavelengths allows one to compute the 
dispersion by taking the derivative of the group delay measurement with respect to 
wavelength. Dispersion slope can then be obtained by taking the derivative of the 
computed dispersion with respect to wavelength. Usually, instead of taking derivatives 
of numerical values, fitting routines are used to fit the measured group delay and then 
the dispersion and the dispersion slope are calculated analytically by talcing derivatives 




lengths less than 500 m. 
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of the fit to the group delay data with respect to wavelength. The group delay data is 
preferably obtained using the measurement techniques described in the previous 
paragraph. 

Mode field diameter is determined using Petermann's second definition of the 
mode field diameter in the near field. See K. Petermann, Electronic Letters, 1983, Vol. 
19, pp. 712-714. The reference measurement method for mode-field diameter is the 
variable aperture method in the far field (VAMFF). Petermann's second definition of 
the mode-field diameter is a mathematical model which does not assume a specific 
shape for the distribution. This near field definition is related to the far field by the 
Hankel transform. Pask's transformation of Petermann's definition of the mode-field 
diameter is applied directly to the two-dimensional far field data through a numerical 
integration routine. See C. Pask, Electronic Letters, 1984, Vol 20, pp. 144-145. The 
Petermann mode-field diameter in the near field is calculated from the far field rms 
width. 

The index of refraction profiles of fibers and/or fiber sections having the 
properties listed above are preferably those described above in accordance with the first 
and second aspects of the invention. However, other profiles can be used if desired. In 
general terms, the shape of the refractive index profile in any of the regions or sub- 
regions making up the overall profile may be selected from the group consisting of an 
a-profile, a step, a rounded step, a trapezoid, and a rounded trapezoid. 

In accordance with a fourth aspect of the invention, a method of reducing the 
variation in dispersion of an optical waveguide fiber due to manufacturing variabilities 
is provided which comprises: 

(a) selecting a profile for the fiber which comprises a central core region, a 
moat region, and a ring region, wherein the central core region has an alpha profile with 
an alpha value of less than about 2.3; and 

(b) manufacturing a fiber which substantially has the profile selected in step 

(a); 

wherein the fiber manufactured in step (b) has: 

(i) a dispersion slope whose magnitude is less than 0.04 ps/nm 2 -km; and 
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(ii) a dispersion the magnitude of which varies along the length of the fiber, 
the difference between the maximum and the minimum of said magnitude over said 
length being less than 0.5 ps/nm-km. 

In accordance with a fifth aspect of the invention, a method of producing tablets 
5 from a silica core cane is provided which comprises: 

(a) providing a silica core cane having a cladding which has an index of 
refraction nci, said silica core cane having an index of refraction profile which 
comprises a central core region, a moat region, and a ring region, wherein: 

(i) both the central core region and the ring region are doped 
1 0 substantially only with germanium; 

(ii) the moat region is doped substantially only with fluorine and has 
a minimum index of refraction iim such that A m % < 0 where A m % = 

100»(n m 2 -nci 2 )/2n c i; and 

(iii) the central core region has an alpha profile with an alpha value of 
15 less than about 2.3; and 

(b) cutting a plurality of tablets from the core cane. 

Tablets made in this way exhibit less fracturing than tablets cut from a 
comparable core cane having a central core region whose alpha value is greater than 4. 
In accordance with certain preferred embodiments of the invention, at least 

20 some of the fiber sections having positive dispersions have a profile P + (r), where r is 
radial distance from the center of the fiber, at least some of the fiber sections having 
negative dispersions have a profile P~(r'), where r' is radial distance from the center of 
the fiber, P + and P~ are substantially the same, and r ,= £r, where £ is a constant which 
may be greater or less than 1.0. Put another way, in accordance with these 

25 embodiments, substantially the same profile shape is used for negative and positive 

dispersion sections, with the type of dispersion exhibited by a section being determined 
through adjustments in the scale of its profile, e.g., by adjustments in the over-clad 
diameter of the preform used to produce the section. 

Figure 1 illustrates particularly preferred refractive index profiles for the optical 

30 waveguide fibers and fiber sections of the invention. The reference numbers used in 
this figure correspond to the following: 
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10 central core region which is substantially centered about 

the symmetry line of the fiber; 
11,12,13,14 first, second, third, and fourth sub-regions of the moat 

region; and 

5 15a, 1 5b, 15c representative examples of suitable, alternate profiles for 

the ring region. 

Preferred values for the parameters Rc, R m , Rr, A c %, A m %, and A r % are set forth 
in Table 1 . Central core region 10 preferably has an alpha profile. As known in the art, 
an alpha profile can be defined by the 
10 equation: 

A(r)% - A(r 0 )%<l -[ | r-r 0 1 /(r r r 0 )] a ), 
where r 0 is the maximum point of the profile, n is the point at which A(r)% is zero, r is 
in the range n < r < rf , ri is the initial point of the a-profile, rf is the final point of the <x- 
profile, and a is an exponent which is a real number. In accordance with the preferred 

15 embodiments of the invention, a is less than about 2.3, and preferably is about 2.0. 
Most preferably, a is greater than about 1.5. 

As shown in Figure 1, the core consists of just the central core region, the moat 
region, and the ring region. As also shown in Figure 1 , the moat region consists of just 
the first, second, third, and fourth sub-regions. These configurations, whether used in 

20 combination as shown in Figure 1 or used separately, represent preferred forms for the 
core and the moat region. 

The refractive index profile shown in Figure 1 is designed to provide a 
particular power distribution of signal light propagating in the waveguide fiber. It is 
this power distribution that results in the waveguide fiber having a desired dispersion 

25 and dispersion slope over a pre-selected range of wavelengths. At the same time, the 

power distribution of light signals propagating in the waveguide is controlled to provide 
such characteristics as single mode operation above a pre-selected wavelength 
• ■ (although various aspects of the invention are not limited to single mode waveguides), 
low attenuation (e.g., an attenuation no greater than about 0.34 dB/km at, for example, 

30 1 550 nm and preferably less than 0.25 dB/km), and a properly placed zero dispersion 

wavelength. A preferred pre-selected wavelength range is from about 1500 nm to about 
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1700 nm (most preferably from 1520 nra to 1650 nm) and a preferred zero dispersion 
wavelength is less than about 1400 nm, although the principles of the invention can be 
applied to other wavelength ranges and other zero dispersion wavelengths if desired. 
BRIEF DESCRIPTION OF THE DRAWINGS 
5 Figure 1 is a schematic diagram of an index of refraction profile for an optical 

waveguide fiber or fiber section designed in accordance with the invention. 

Figure 2 is a schematic diagram illustrating a dispersion managed fiber wherein 
both the dispersion and the dispersion slope are managed on a section-by-section basis. 

10 

Figures 3 and 4 are schematic diagrams of the CP and IP profiles discussed 
below. The parameters for these profiles are set forth in Tables 2 and 4, respectively. 
The horizontal axis in these figures represents distance from the centerline of the fiber 
and the vertical axis represents index of refraction expressed as A% relative to the 

15 minimum value of the index of refraction in the cladding of the fiber. 

Stretching of the profile of Figure 3 while keeping the ratios between region 
radii and the deltas of the regions the same gives both positive dispersion/positive 
dispersion slope fibers and negative dispersion/negative dispersion slope fibers. The 
profile of Figure 4 also has this property but in addition exhibits lower variation in 

20 dispersion characteristics with changes in the region radii and/or deltas of the profile. 

Figure 5 is a plot of dispersion slope versus dispersion for fibers having either 
the profile of Figure 3 (CP data points) or the profile of Figure 4 (IP data points). 

25 Figure 6 illustrates cracking at the interface between a fluorine-doped moat 

region and a germania-doped central core region of a cane having the profile of Figure 
3. No such cracking is seen for canes having the profile of Figure 4. 

The foregoing drawings, which are incorporated in and constitute part of the 
specification, illustrate the preferred embodiments of the invention, and together with 

30 the description, serve to explain the principles of the invention. It is to be understood, 
of course, that both the drawings and the description are explanatory only and are not 
restrictive of the invention. 



/ 
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DETAILED DESCRIPTION OF THE INVENTION 

The initial work on dispersion management was aimed at creating alternating 
fiber sections that had positive and negative dispersions along the length of a fiber. 
5 More recent work has indicated that in the case of WDM systems, control of dispersion 
slope is also important See Anis et al., supra, and Figure 2. 

In other words, it is critical not only to manage dispersion at one wavelength 
exactly but also to manage dispersion exactly at all the wavelengths at which light is to 
be transmitted. This realization leads, in turn, to a further requirement on the global 
10 properties of a dispersion managed fiber, namely, that the net global dispersion slope of 
the fiber is near zero. 

There are two potential ways of achieving this requirement. One is to produce 
profiles that lead to finite dispersion (positive for the positive sections and negative for 
the negative sections) and near zero dispersion slope. The second method is to have the 
15 dispersion slope in the positive and negative sections be equal in magnitude and 
opposite in sign. The second method itself can have two renditions, one where the 
positive dispersion section has positive dispersion slope and the negative dispersion 
section has negative dispersion slope and the other where the positive dispersion section 
has negative slope and the negative dispersion section has positive slope. In practice, 
20 the first rendition is more easily achieved than the second rendition. 

Initial attempts at making dispersion managed fibers with both dispersion and 
dispersion slope being managed simultaneously were geared towards anchoring one 
section to be a standard profile, for example a single mode fiber profile (e.g., the profile 
of Corning Incorporated^ SMF-28 fiber), a profile for a non zero dispersion shifted 
25 fiber (NZDSF), etc., with the other section having dispersion characteristics that were 
equal in magnitude and opposite in sign to the first. Since all of these standard profiles 
have dispersion slope values that are positive and greater than +0.05 ps/nm 2 -km, the 
profile of the other section had to have a negative dispersion slope of less than -0.05 
ps/nm 2 -km. 

30 Profiles that have such levels of negative dispersion slope can be designed. 

However, such profiles tend to have small effective areas (nominally less than 40^i 2 ), 
the trend usually being smaller effective areas for negative dispersions and large 
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negative dispersion slopes. In contrast, standard profiles tend to have large effective 
areas, e.g., greater than 55|i 2 and even greater than 80p. 2 . 

Such a mismatch in effective areas can be a problem. The problem is related to 
the mode field diameter (MFD) mismatch that can occur between two fiber sections 
having two different profiles. Mode field diameter is a measure of how the field of the 
fundamental mode is distributed in the core/cladding of the fiber. Optical theory 
predicts that when the mode field diameter changes abruptly anywhere along the length 
of a fiber, light propagating from the larger mode field diameter section to the smaller 
mode field diameter section experiences a back reflection, which in turn leads to excess 
loss and also potentially to interference between the forward propagating pulse and the 
2 nd and 4 th order reflections. 

Accordingly, it is important to keep the mismatch small between the mode field 
diameters of adjacent sections of a dispersion managed fibers so as to minimize losses. 
This can be achieved in two ways. One way is to make sure that the mode field 
diameters of the two sections are very similar and the other is to use an adiabatic tapper 
either during processing or during the physical joining of the two fibers (also refen-ed to 
as splicing). In accordance with the invention, this problem is addressed by making 
the two sections have similar effective areas while still having the desired dispersive 
properties. Since, as discussed above, the effective area of a section having a negative 
dispersion slope is small, the only way to reduce the effective area mismatch is to 
reduce the effective area of the section with a positive dispersion slope. However, it is 
important to note that having the largest possible effective area presents many 
advantages, including advantages in overcoming non-linear effects. 

In accordance with the invention, it has been determined that the best 
compromise is to maximize the effective area of the section having a negative 
dispersion slope while simultaneously achieving an effective area in the section having 
the positive dispersion slope that is close enough to that of the negative section so as to 
avoid mode field diameter mismatch problems. A preferred way to achieve this 
compromise solution is to design profiles for the two sections such that the sections 
have dispersion slopes that are very close to zero or have slopes that are slightly 
positive and slightly negative. One such solution, discussed in further detail below, is 
to design a profile that accesses both of the required regimes of dispersive properties 
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(e.g., positive dispersion and low positive or negative slope and negative dispersion and 
low positive or negative slope, or positive and negative dispersion with near zero 
slope). 

Taking into account the various optical property requirements, profiles have 
5 been designed in accordance with the invention that achieve positive and negative 

dispersions in combination with low positive and negative dispersion slopes (and even 
zero slope) and which have substantially matching effective axeas in the two sections. 
One such profile (referred to herein as the Controlled Dj/Si/MFDj Profile or simply the 
"CP" profile) is shown in Figure 3. Various aspects of the profile, i.e., deltas, widths, 

10 and central core alpha (cc c ), aregiven in Table 2. 

An important aspect of the CP profile of Figure 3 is that by changing the core 
radius it is possible to achieve positive dispersion and dispersion slope values and 
negative dispersion and dispersion slope values. This can be seen in Table 3 where 
dispersion and dispersion slope values have been determined for fibers made with the 

1 5 profile of Figure 3 having different over-clad diameters thus leading to different 
core/clad ratios for a constant fiber diameter. 

Although the profile of Figure 3 addresses the optical requirements for a 
dispersion managed fiber, it does not include a further important aspect of the 
invention, namely, insensitivity of the profile to process variability. As discussed in 

20 Anis et al., supra, in addition to controlling dispersion between sections of fiber having 
designed dispersive properties, it is also extremely important to control dispersion 
variation along the length of individual fiber sections. Indeed, Anis et al. state that "the 
main limitation to greater error-free distances is the local dispersion variations in the 
fibers that make up the spans." 

25 Unlike gross residual dispersion at the end of a span or a link which can be 

managed effectively by adding required lengths of dispersion compensating fiber, 
dispersion variations that occur locally due to process variabilities are random and 
cannot be managed effectively at the end of a span or a link. Hence the only method for 
reducing the effects of local variations of dispersion is to not have such variations in the 

30 first place. 

There are two ways to reduce the local variability in dispersion. One is to have 
better control of the manufacturing processes and the other is to design profiles that are 
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less sensitive to manufacturing process variabilities. The present invention is addressed 
to this latter approach, i.e., the present invention is addressed to providing profiles for 
the positive and negative sections of dispersion managed fibers that have reduced 
sensitivity to process variability. The design rules that produce such profiles were 
developed as follows. 

The dispersive properties of a profile can basically be divided into two parts: 
one part arising from material dispersion and the other arising from waveguide 
dispersion. Material dispersion is dependent solely on the materials used in the 
fabrication of the fiber and as a substantial part of any optical fiber is made of pure 
silica, the material dispersive properties are for the most part dominated by the 
dispersive properties of silica and are difficult to manipulate. 

On the other hand, waveguide dispersion can be manipulated extensively 
through profile design. In fact, it was through the use of waveguide dispersion that 
dispersion shifted fibers were first manufactured. Variabilities in manufacturing for the 
most part only affect waveguide dispersion. Their effect on material dispersion is small 
and for all practical purposes can be neglected. Accordingly, reduced sensitivity to 
process variability can be achieved through proper control of waveguide dispersion. 

With the foregoing in mind, we now turn to discussions of (1) the profile 
features, that are needed to achieve low positive and negative dispersion slope, and (2) 
the profile features that lead to decreased sensitivity to process variability. We then 
discuss the design of a profile that has both the desired optical properties and the 
desired reduced sensitivity to process variability. 

Four different features of a segmented core profile of the type shown in Figure 3 
can be used to achieve low positive and negative dispersion slopes. These are: 

(1) Making the transition between the central core region and the moat 
region sharp. In mathematical terms, this implies having a large value for 
alpha for the central core region. 

(2) Increasing the depth of the moat region to as low a . value as possible. . 

(3) Decreasing the core/moat ratio, i.e., decreasing the size of the core 
region with respect to the moat region 

(4) Having the peak of the ring region displaced a small distance away from 
the point where the moat region ends. 
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Of the above four techniques, the first three have a stronger effect on the 
dispersion slope value than the fourth. 

On the other hand, the profile that has the least sensitivity to process variability 
is the one which has very gradual transitions between the various regions of the profile. 
The more gradual the transition, the better it is from a resistance to process variability 
standpoint. It is also to be noted that this gradual transition is more important where the 
intensity of the signal traveling in the fiber is high. This implies that it is more 
important to manage the transition between the central core region and the moat region 
than it is to manage the transition between the moat region and the ring region which in 
turn is more important to manage than the transition between the ring region and 
subsequent regions beyond it In mathematical terms, this translates to minimizing the 
following function 



where n(r) is the index of refraction profile, I(r) is the light intensity profile, and r is 
radial distance from the center of the fiber. 

Comparing the requirements for a profile having reduced sensitivity to process 
variability with the requirements for a profile which achieves low positive to low 
negative dispersion slopes, we see that one factor is at odds. That is the transition 
between the central core region and the moat region where to achieve low dispersion . 
slope values requires a sharp transition while to achieve reduced sensitivity requires a 
gradual transition. 

However, there is more than one way to achieve low positive and negative 
dispersion slopes. By use of these other approaches, the invention achieves not only the 
desired dispersion slope values but also the desired reduced sensitivity to process 
variability. 

Figure 4 shows a profile (referred to herein as the "Insensitive to Process 
Variability Profile" or simply the "IP" profile) designed to achieve these twin goals of 
desired dispersion properties and reduced sensitivity to process variability. Various 
aspects of the profile, i.e., deltas, widths, and central core alpha (etc), are given in Table 
4. Fibers having profiles of the type shown in Figure 4 can achieve dispersion values 
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that range from +12 to -30 ps/nm-km and dispersion slope values that are less than 
0.03 ps/nm 2 -km. 

In Figure 5, the dispersion and dispersion slope characteristics of a fiber 
manufactured from this profile is compared with those of a fiber that was manufactured 
using the profile shown in Figure 3. As can be seen from this figure, the two profiles 
exhibit similar dispersion and dispersion slope characteristics. 

Significantly, however, an analysis of the sensitivity of the two profiles to 
process variations showed that the profile of Figure 4 is far superior to that of Figure 3. 
The details of the comparison are set forth in Table 5. The data in this table was 
obtained using numerical simulations to solve for the dispersion and dispersion slopes 
of the two profiles. Changes in dispersion were then computed as the different aspects 
of the profiles were changed individually (central core delta and width, moat delta and 
width, and ring delta and width). Using perturbation theory, it can be shown that for 
small variations in the various deltas and widths of a refractive index profile, the 
variation in the dispersion of a waveguide due to each of them separately are mutually 
independent and hence can be added in quadrature. The values set forth in Table 5 for 
the total change in dispersion expected for a given set of variations in the various 
widths and deltas were obtained in this way. 

As can be seen from Table 5, the IP profile of Figure 4 is nearly 4 times less 
sensitive than the CP profile of Figure 3. This analysis indicates that for any random 
variation that a fiber may encounter, e.g., a variation due to processing or post 
processing perturbations like jacketing, a fiber manufactured using the profile in Figure 
4 will be less sensitive than a fiber manufactured using the profile of Figure 3. 

An additional feature of the profile in Figure 4 is that it is highly resistant to 
fracture during the dicing/sawing of glass rods (core canes) used to make individual 
sections of a dispersion managed fiber. The reason for this improved behavior of the IP 
profile compared to the CP profile lies in the fact that the concentration profiles of the 
dopants in the various regions of the core of the IP profile are more graded than those of 
the CP profile. Analysis of cracked canes indicated that the cracking was due to thermal 
residual stress induced in the cane during the redraw stage. Such residual stresses 
become particularly sever because of the vastly different thermal properties of germania 
and fluorine doped silica. 
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The use of a graded concentration profile eliminates large stress gradients at the 
interfaces between different regions of a cane thus producing a cane that is more 
resistant to fracture. This is particularly important in the transition region between the 
germania doped central core region and the fluorine doped moat region. Figure 6 
5 shows a typical fractured surface 20 of a cane 21 having a profile of the type shown in 
Figure 3 which lacks such a graded concentration profile between the central core 
region and the moat region. 

Table 6 sets forth statistics for the CP and IP profiles of Figures 3 and 4 in terms 
- of percentage of selects. Percentage of selects generally corresponds to the percentage 
10 of canes that survived the dicing and the slicing process without encountering cracks. 
As is quite evident from this table, the canes manufactured using the IP profile of 
Figure 4 are significantly more robust to fracturing than the canes that were 
manufactured with the CP profile of Figure 3. In comparing Figures 3 and 4, it should 
be noted that A% drops from about 0.6 to -0.3 in less than about 0.2 microns in Figure 
15 3, i.e., the slope of the profile of Figure 3 is approximately 4.5. The slope of the profile 
of Figure 4, on the other hand, is substantially smaller in the central core to moat 
transition region. 

The dispersion managed fibers and fiber sections of the invention can be 
produced using various materials and methods known in the art. For example, the 

20 methods described in the above-reference U.S. Patent Application No. 08/844,997 can 
be used in the practice of the invention. Other methods are described in co-pending and 
commonly-assigned U.S. Patent Application No. 09/239,509, filed January 28, 1999 
and entitled "Low Slope Dispersion Managed Waveguide". Methods other than those 
disclosed in these applications can, of course, be used in the practice of the present 

25 invention. 

Although preferred and other embodiments of the invention have been described 
herein, further embodiments may be perceived by those skilled in the art without 
departing from the scope of the invention as defined by the following claims. 
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TABLE 1 

Parameter Ranges for the Profile of Figure 1 



Parameter 


Range 


Rc 


1(im < R c <4fim 


Rm 


2p.m < R m < 12nm 


Rr 


3 urn < R r < 20^m 


A c % 


0.5<Ac%<1.2 


Am% 


-0.7< A„,% < -0.3 


A r % 


0.0 < A r % < 0.5 



15 TABLE 2 

Parameter Values for the CP Profile of Figure 3 



Parameter 


Value 


Rc 


2.1 6u ' 


Rm 


6.30jx 


Rr 


7.50n 


Ac% 


0.8 


A m % 


-0.41 


A r % 


0.25 


Ctc 


8 
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TABLE 3 



Dispersion Characteristics Versus Over Clad Diameter for CP Profile 



Over Clad Diameter 
(mm) 


Dispersion (ps/nm-km) 


Dispersion Slope 
(ps/nm 2 -km) 


44.36 


3.4000 


0.017650 


46.1 


-1.3000 


-0.00074000 


47.94 


-7.9600 


-0.029000 


50 


-18.220 


-0.079000 



TABLE 4 

Parameter Values for the IP Profile of Figure 4 



Parameter 


Value 


Rc 


2.50^1 


Rm 


6.25^1 


Rr 


9.40^1 


Ac% 


1.1 


A m % 


-0.53 


A r % 


0.23 


oc c 


2 



WO 01/92928 



21 



PCT/US01/15046 



TABLE 5 



Comparison of Sensitivity of CP and IP profiles 



Range 


Parameter 


Dispersion Variation 






CP Profile 


IP Profile 


+/- 0.001 


Central core delta 


23 


4.1 


+/- 0.001 


Moat delta 


4.3 


1.89 


+/- 0.001 


Ring delta 


3.5 


0.5 










+/- 0.1 


Central core width 


14.3 


5.25 


+/-0.1 


Moat width 


1.4 


0.81 


+/-0.1 


Ring width 


1.2 


0.5 












Total 


27.7 


7.01 



TABLE 6 

Percent Selects of Canes Made with the 
CP and IP Profiles Diced Using Various Techniques 





Cane Diameter 


Design/Dicing Technique 


7mm 


9mm 


12mm 


CP Profile/ID Saw 


10% 


5% 


0% 


CP ProfileM/ire Saw 


82% 


70% 


0% 


IP Profile/Wire Saw 


100% 




95% 



WO 01/92928 PCT/US01/15046 

22 

What is claimed is: 

1 . An optical waveguide fiber for use in a dispersion managed optical 
communication system comprising a core of transparent material surrounded by a 
cladding of transparent material having a refractive index n c j, said core comprising three 

5 radially adjacent regions which in order of increasing radius are: 
(a) a central core region having: 

(i) a maximum index of refraction n c such that A c % is greater than 
zero and less than about 1.2, where Ac% = 100»(nc 2 -nc 2 )/2n c i; and 

(ii) an alpha profile with an alpha value less than about 2.3 ; 

10 (b) a moat region having a minimum index of refraction n m such that A m % is 

less than or equal to -0.3, where A m % = 100«(n m 2 -nci 2 )/2n c i, said moat region 
comprising, in order of increasing radius, first, second, third, and fourth radially 
adjacent regions wherein: 

(i) the index of refraction decreases throughout the first region; 

15 (ii) the index of refraction increases substantially linearly in the 

second region; 

(iii) the index of refraction increases substantially linearly in the 
fourth region; and 

(iv) the third region is a transition region which smoothly connects 
20 the third and fourth substantially linear regions; and 

(c) a ring region having a maximum refractive index iv such that A r % is 
greater than zero and less than +0.5, where A r = 100«(n r -iid )/2n c j. 

2. The optical waveguide fiber of Claim 1 wherein the alpha value is 
25 greater than about 1. 5 . 

3 . The optical waveguide fiber of Claim 1 wherein the moat region consists 
of the first, second, third and fourth regions. 
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4. The optical waveguide fiber of Claim 1 wherein the slope of the second 
region is less than the slope of the fourth region. 



WO 01/92928 



PCTAJS01/15046 



23 



5. The optical waveguide fiber of Claim 1 wherein the fiber has a 
dispersion the magnitude of which varies along the length of the fiber and wherein the 
difference between the maximum and the minimum of said magnitude over said length 

5 is less than 0.5 ps/nm-km. 

6. The optical waveguide fiber of Claim 5 wherein the fiber has a net 
positive dispersion and the difference between the maximum and the minimum of said 
magnitude over said length is less than 0.3 ps/nm-km. 

10 

7. The optical waveguide fiber of Claim 1 wherein the fiber has a net 
negative dispersion and a dispersion slope that is less than 0.04 ps/nm 2 ~km. 

8. An optical waveguide fiber for use in a dispersion managed optical 
1 5 communication system comprising a core of transparent material surrounded by a 

cladding of transparent material having a refractive index n^, said core comprising three 
radially adjacent regions which in order of increasing radius are: 

(a) a central core region having: 

(i) a maximum index of refraction nc such that A c % is greater than 
20 zero and less than about 1 .2, where Ac% « 1 00*(n c 2 -lie 2 )/2n c i; 

(ii) an alpha profile with an alpha value less than about 2.3; and 

(iii) an outer radius Rc; 

(b) a moat region having an outer radius R m and a minimum index of 
refraction n m such that: 

25 A m % < -0.55 for Rc/Rm < 0.6; 

A m % < -0.50 for Rc/Rm < 0.45; 
A m % < -0.45 for Rc/Rm < 0.4; or 
A m % < -0.30 for Rc/Rm < 0.3; 
where A m % = 100«(n m 2 -nc 2 )/2ncj, said moat region comprising, in order of increasing 
30 radius, first, second, third, and fourth radially adjacent regions wherein: 

(i) the index of refraction decreases throughout the first region; 
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(ii) the index of refraction increases substantially linearly in the 

second region; 

(iii) the index of refraction increases substantially linearly in the 
fourth region; and 

(iv) the third region is a transition region which smoothly connects 
the third and fourth substantially linear regions; and 

(c) a ring region having a maximum refractive index n r such that A r % is 
greater than zero and less than +0.5, where A r = 100»(n r 2 -n c i 2 )/2ncj. 

9. The optical waveguide fiber of Claim 8 wherein the alpha value is 
greater than about 1 .5. 

10. The optical waveguide fiber of Claim 8 wherein the moat region consists 
of the first, second, third and fourth regions. 

1 1 . The optical waveguide fiber of Claim 8 wherein the slope of the second 
region is less than the slope of the fourth region. 

12. The optical waveguide fiber of Claim 8 wherein the fiber has a 
dispersion the magnitude of which varies along the length of the fiber and wherein the 
difference between the maximum and the minimum of said magnitude over said length 
is less than 0.5 ps/nm-km. 

13 . The optical waveguide fiber of Claim 12 wherein the fiber has a net 
positive dispersion and the difference between the maximum and the minimum of said 
magnitude over said length is less than 0.3 ps/nm-km. 

14. The optical waveguide fiber of Claim 8 wherein the fiber has a net 
negative dispersion and a dispersion slope that is less than 0.04 ps/nm 2 -km. 

15. A population of dispersion managed optical waveguide fibers 
manufactured by a common set of process steps, said population comprising at least ten 
fibers, each fiber being a dispersion shifted fiber and comprising at least two sections, 
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each section having a dispersion value Dj and a dispersion slope value Si, at least one of 
said Dj being positive for each fiber and at least one other of said Di being negative for 
each fiber such that the overall dispersion of each fiber has a magnitude that is less than 
1 ps/nm-km, wherein all of the Si values have a magnitude of less than 0.04 ps/nm 2 -km 
5 and the standard deviation of the dispersion values for the fiber sections having 
negative Di's is less than 0.5 ps/nm-km. 

16. The population of Claim 1 5 wherein the standard deviation of the 
dispersion values for the fiber sections having positive Di's is less than 0.3 ps/nm-km. 

10 

17. The population of Claim 15 wherein the average of the mode field 
diameters of the fiber sections having positive Di's differs from the average of the mode 
field diameters of the fiber sections having negative Di f s by less than 10 microns. 

15 18. The population of Claim 1 5 wherein the average of the mode field 

diameters of the fiber sections having positive Di's differs from the average of the mode 
field diameters of the fiber sections having negative Dj's by less than 6 microns. 

1 9. The population of Claim 1 5 wherein: 

20 (i) • at least some of the sections having positive Di's have a profile P + (r), 

where r is radial distance from the center of the fiber; 

(ii) at least some of the sections having negative Di's have a profile P'OO, 
where r 1 is radial distance from the center of the fiber; and 

(iii) P + and P~ are substantially the same and f=£r, where £ is a constant 

25 

20. The population of Claim 19 wherein the average of the mode field 
diameters of the fiber sections having positive Dj's differs from the average of the mode 
field diameters of the fiber sections having negative Di's by less than 10 microns. 

30 21. The population of Claim 1 9 wherein the average of the mode field 

diameters of the fiber sections having positive Di's differs from the average of the mode 
field diameters of the fiber sections having negative Dj's by less than 6 microns. 
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22. A section of a dispersion managed optical waveguide fiber comprising a 
core and a cladding, said section having a net negative dispersion and a dispersion slope 
that is less than 0.04 ps/nm 2 -km, wherein the magnitude of said dispersion varies along 

5 the length of the section and the difference between the maximum and the minimum of 
said magnitude over said length is less than 0.5 ps/nm-km. 

23 . A dispersion managed optical waveguide fiber comprising a plurality of 
sections as defined in Claim 22. 

10 24. A section of a dispersion managed optical waveguide fiber comprising a 

core and a cladding, said section having a net positive dispersion and a dispersion slope 
that is less than 0.04 ps/nm 2 -km, wherein the magnitude of said dispersion varies along 
the length of the section and the difference between the maximum and the minimum of 
said magnitude over said length is less than 0.3 ps/nm-km. 

15 

25. A dispersion managed optical waveguide fiber comprising a plurality of 
sections as defined in Claim 24. 

26. A method of reducing the variation in dispersion of an optical 
20 waveguide fiber due to manufacturing variabilities comprising: 

(a) selecting a profile for the fiber which comprises a central core region, a 
moat region, and a ring region, wherein the central core region has an alpha profile with 
an alpha value of less than about 2.3; and 

(b) manufacturing a fiber which substantially has the profile selected in step 

25 (a); 

wherein the fiber manufactured in step (b) has: 

(i) a dispersion slope whose magnitude is less than 0.04 ps/nm 2 -km; 

and 

(ii) a dispersion the magnitude of which varies along the length of 
30 the fiber, the difference between the maximum and the minimum of said magnitude 

over said length being less than 0.5 ps/nm-km. 
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27. The method of Claim 26 wherein the fiber has a net positive dispersion 
and the difference between the maximum and the minimum of said magnitude over said 
length is less than 0.3 ps/nm-km. 

5 28. The method of Claim 26 wherein the fiber has a net negative dispersion. 

29. The method of Claim 26 wherein the alpha value is greater than about 

1.5. 

30. The method of Claim 26 wherein the fiber comprises a cladding having 

1 0 an index of refraction n c i and the central core region has a maximum index of refraction 
nc such that Ac% is less than about 1.2, where A c % = 100»(nc 2 - nci 2 )/2nci. 

3 1 . The method of Claim 26 wherein the moat region comprises, in order of 
increasing radius, first, second, third, and fourth radially adjacent regions wherein: 

1 5 (i) the index of refraction decreases throughout the first region; 

(ii) the index of refraction increases substantially linearly in the second 

region; 

(iii) the index of refraction increases substantially linearly in the fourth 
region; and 

20 (iv) the third region is a transition region which smoothly connects the third 

and fourth substantially linear regions. 

32. The method of Claim 3 1 wherein the slope of the second region is less 
than the slope of the fourth region. 
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33. The method of Claim 26 wherein the fiber comprises a cladding having 
an index of refraction nci and the moat region has a minimum index of refraction n m 
such that A m % is less than zero, where A m % = 100*(n m 2 -nci 2 )/2nci. 
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34. The method of Claim 33 wherein A m % < -0.3. 
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35. The method of Claim 33 wherein the central core region has an outer 
radius Rc, the moat region has an outer radius R m , and A m % and the ratio of Rc to R m 
satisfy one of the following relationships: 

Am% < -0.55 for Rc/Rm < 0.6; 
A m % < -0.50 for Rc/Rm < 0.45; 
A m % <> -0.45 for Rc/Rm < 0.4; or. 
A m % < -0.30 for Rc/Rm < 0.3. 

36. A method of producing tablets from a silica core cane comprising: 

(a) providing a silica core cane having a cladding which has an index of 
refraction rid, said silica core cane having an index of refraction profile which 
comprises a central core region, a moat region, and a ring region, wherein: 

(i) both the central core region and the ring region are doped 
substantially only with germanium; 

(ii) the moat region is doped substantially only with fluorine and has 
a minimum index of refraction n m such that A m % < 0 where A m % = 

100*(nm 2 -n c i 2 )/2nci; and 

(iii) the central core region has an alpha profile with an alpha value of 
less than about 2.3; and 

(b) cutting a plurality of tablets from the core cane. 

37. The method of Claim 36 wherein the tablets of step (b) exhibit less 
fracturing than tablets cut from a comparable core cane having a central core region 
whose alpha value is greater than 4. 

38. The method of Claim 36 wherein the alpha value is greater than about 

1.5. 

39. The method of Claim 36 wherein the central core region has a maximum 
index of refraction nc such that Ac% is less than about 1 .2, where Ac% = 1 00«(n c 2 - 
nci 2 )/2nci. 
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40. The method of Claim 36 wherein the moat region comprises, in order of 
increasing radius, first, second, third, and fourth radially adjacent regions wherein: 

(i) the index of refraction decreases throughout the first region; 

(ii) the index of refraction increases substantially linearly in the second 

region; 

(iii) the index of refraction increases substantially linearly in the fourth 
region; and 

(iv) the third region is a transition region which smoothly connects the third 
and fourth substantially linear regions. 

41 . The method of Claim 40 wherein the slope of the second region is less 
than the slope of the fourth region. 

42. The method of Claim 3 6 wherein A m % < -0.3 . 

43. The method of Claim 36 wherein the central core region has an outer 
radius Rc, the moat region has an outer radius Rm, and A m % and the ratio of Rc to Rm 
satisfy one of the following relationships: 

A m % < -0.55 for Rc/Rm < 0.6; 
A m % < -0.50 for Ro/R m < 0.45; 
A m % < -0.45 for Rc/Rm < 0.4; or 
A m % < -0.30 for Rc/Rm < 0.3 . 
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